Many micro electromechanical systems (MEMS) require a vacuum or controlled atmosphere encapsulation in order to ensure either a good performance or an acceptable lifetime of operation. Two approaches for wafer-scale zero-level packaging exist. The most popular approach is based on wafer bonding. Alternatively, encapsulation can be done by the fabrication and sealing of perforated surface micromachined membranes.
INTRODUCTION
Unlike CMOS chips, chips containing MEMS devices cannot be directly packaged in a plastic or ceramic housing, the so-called f i s t level package. MEMS structures have free-standing and/or moving parts that can easily be damaged during dicing or assembly. To prevent this damage, these structures should be protected on the wafer level, before dicing. This is possible with the socalled zero-level package. Besides protection against damage during assembly, this zero-level package can also he used to hermetically seal the MEMS device and/or to enclose it in a controllable atmosphere. This might be necessary to ensure a good operation and lifetime of the MEMS device.
Zero-level packaging is typically done by bonding a capping wafer or die to the MEMS wafer [l]. However, this increases the die area substantially and it needs alignment. Alternatively, hermetic encapsulation can be done by the fabrication and sealing of surface micromachined membranes covering the MEMS device by use of films deposited at low pressure, such as low pressure chemical vapour deposition (LPCVD) films [2-51. However, atmospheric or near-atmospheric sealing is required for the operation of certain important MEMS devices, such as accelerometers.
Techniques at atmospheric pressure, other than capping, are often expected to have detrimental effects on the device. For example, although most atmospheric pressure CVD techniques (APCVD) have improved sealing capabilities with respect to LPCVD, too much material would deposit inside openings onto the MEMS' active parts. Moreover, with CVD or physical vapour deposition (PVD) techniques the gas composition surrounding the MEMS device cannot be altered at will. Alternatively, volume expansion and therefore sealing during thermal oxidation of e.g. silicon will close the sacrificial etch openings of a silicon membrane. This process is however usually done at temperatures exceeding 9OO0C, which is too high for a lot of MEMS materials. Finally, the use of a tenting foil to seal the MEMS structure is limited due to outgassing in case a polymer foil is used. In case a metal foil is used for encapsulation, it is difficult to obtain a good adhesion of the film to the device wafer.
State-of-the-art sealing is in general done using horizontal sacrificial etch channels ( fig.1 ). However, in order to have a high-speed sacrificial etching process underneath the surface micromachined membrane and in order to maintain a planar surface, sacrificial etch perforations in the membrane are favourably situated above the device ( fig.2) [2] . Unfortunately, such vertical openings increase the risk of depositing sealing material on the device. The sealing method for zero-level packaging that is proposed here uses a thin film reflow technique. This technique is self-aligned and seals the device 6 0 m the environment. It allows a great flexibility with respect to the choice of the sealed-in gas and pressure and it offers compatibility with low-cost high-throughput batch fabrication techniques. Also, as it can be used for sealing openings directly above the device, it allows for a smaller die area and thus reduced device dimensions and costs.
The basic idea of the proposed technique is to deposit a material with low melting temperature on top of openings forming a cusp until they are almost closed ( fig.3a) . This material is then reflowed in a fumace with controlled atmosphere and pressure to close the final openings ( fig.3b ).
, 1" layer reflow. Obviously, a one-layer sealing process as shown in figure  3 has the risk that the film relaxes during reflow, thereby removing the cusp and opening the etch channels more instead of closing them. Therefore, a somewhat more complex sealing process is considered by adding an intermediate layer. The intermediate layer is stable during reflow and narrows down the opening to be sealed ( fig. 4a  and b) . Moreover, the extra layer prevents reaction between the sealing and membrane layer.
EXPERIMENT
Initial tests with simple high aspect ratio trenches in silicon wafers have been performed to find optimum conditions to seal vertical trenches. These trenches resemble the perforated membrane covering a cavity with a MEMS device as shown in fig.2 . Using these patterned silicon wafers, different materials are deposited at low pressure until the trench is nearly closed and finally this layer is reflowed at a chosen pressure and ambient to seal the trench ( fig.3 ). Alternatively, a non-conformal intermediate layer has been deposited first followed by a second reflow layer to seal the cavity in the fmal reflow step (fig.4 ).
Sample preparation
Silicon wafers, 150 mm in diameter, with approximately 12 pm deep trenches with widths varying between 1 pm and 16 pm were prepared by deep reactive ion etching (DRIE) using a resist mask.
Deposition systems and parameters
The materials investigated for the one-layer sealing process were germanium (Ce), aluminium (AI), and boron phosphorous silica glass (BPSG). In case of the two-layer sealing process, a non-conformal silicon dioxide (SO2) layer was deposited first. The thickness of the various deposited layers has been determined by optical spectral analysis for the silica glasses and by measuring the film step height using a surface profiler after film patteming by selective etching with respect to the underlayer for the other films.
2.2.1.
The CVD depositions were done using an Oxford Plasma Technology (OPT) Plasma Lab 100 system, which is a PECVDLPCVD cold wall system. It has a chuck enabling a maximum wafer temperature of 700°C. For Ge thin film deposition, 10% germane (GeH4) in hydrogen (H2) has heen used. All layers were deposited at a wafer temperature of 400°C and a pressure of 2 Torr. For PECVD depositions a power of 10 W, 20 W or 50 W has heen used. For LPCVD Ge and PECVD Ge depositions at 10 W and 20 W, an amorphous Si nucleation layer was fzst deposited at 60 W and 0.6 Torr in order to enhance nucleation of Ge on oxide.
PVDAI
The AI was evaporated using a Pfeiffer PLS 580 evaporator with a background pressure better than I O 6 mhar using a turbo pump vacuum system. The AI source material had a purity exceeding 99.999% and deposited at a rate of ca. 100 ndmin.
2.2.3.
The low tensile stress SiOz layers were deposited from a gas mixture of silane (SiHJ, nitrous oxide (N20), hydrogen (H2) and nitrogen (Nz) using the same equipment as what was used for the PECVD Ge. All layers were deposited at 500°C, 100 W and 2 Torr. The films have IO MPa tensile stress, a 1.5 refractive index, and a deposition rate of 225 n d m i n .
PECVD S O 2 intermediate layer for BPSG and PECVD BPSG
Depositions were carried out in a Multiplex PECVD system using a gas mixture of silane (SiH4), nitrous oxide (N20), hydrogen (H,) and nitrogen (N,). The PECVD SiO, layers were deposited at low pressure with a 1.47 refractive index at 450 ndmin. Dihorane in hydrogen and phosphorous in argon were used as the dopants for the PECVD BPSG films to give a deposition rate of 900 nm/min and a refractive index of 1.48.
Reflow systems
The reflow of AI and Ge was performed in a Rapid Thermal Process (RTP) fumace in a N2 atmosphere. For some experiments also a commercial available furnace was used. The reflow of BPSG was carried out in a commercial available tube fumace at 1100°C for Ihr.
LPCVD Ge and PECVD Ge PECVD SiO, intermediate layer for AI and Ge

RESULTS and DISCUSSION
One-layer sealing process
For our application we are interested to close 2-3 pm wide trenches by reflow. Trenches of this large width are needed to have a reasonable etch time of the sacrificial layer undemeath the membrane (fig.2) .
Reflow with PECVD BPSG
The initial idea was to see if depositing a single layer of BPSG could he used as a sealing layer. The BPSG film has reasonable step coverage hut like all PECVD films more material is deposited on the top surface of the structure compared to the sidewall as shown in figAa. This leads to a cusp being formed at the comer of the trench opening. The BPSG films were deposited until the cusps were almost touching and the films were then reflowed. Unfortunately the films just relaxed and did not seal.
Refow with evaporated AI
The easiest metal to use as reflow material is AI because it has a low melting point and it can also be used as an electrical contact layer besides sealing the trenches. We deposited up to 3 pm AI on Si trenches and after 3 hours in an oven or RTP furnace with flowing nitrogen at 550°C, AI didn't reflow. Possibly an oxide layer, which is formed on top of A1 during the heating and which has a much higher melting temperature than AI itself, prevents this reflow. Moreover, at a temperature above 450°C, spiking with the Si was observed. An intermediate layer between Si and AI is thus needed in order to avoid this reaction.
Refow with LPCVD Ge and PECVD Ge
The maximum trench width that can he closed off with a single layer of LPCVD and PECVD Ge was investigated. An LPCVD film has conformal step coverage and can fill trenches with a width equal to twice the deposited thickness [6] . Therefore, it will not he used further as too much material gets inside the trenches.
Just like the PECVD BPSG, PECVD Ge closes trenches from the top with poor step coverage and with little material in the trench [6] . Lowering the PECVD power, and therefore approaching LPCVD conditions, increases the step coverage and thus also the unwanted bottom coverage. Therefore, PECVD Ge at sufficient PECVD power was tried for reflow. 2 pm Ge was deposited at 20 Watt on Si trenches and different reflow conditions were tried. Anneals in an RTP furnace with flowing nitrogen for lhr at 750°C and for 2hr at 700°C were tried. However, just like the PECVD BPSG, it was not possible to close the trenches by reflow that were open before reflow. 
Two-layers sealing process
As presented in the previous section, reflow with one layer did not satisfy the sealing requirements, mainly due to film relaxation and reaction of the thin film with the membrane material. Therefore, the use of an intermediate layer was investigated. This layer should not relax during reflow and should prevent reactions with the Si membrane. PECVD SiOz has been chosen because of its poor step coverage and sufficient high melting temperature.
Reflow with BPSG
On top of the intermediate PECVD SiOl layer, BPSG glass is deposited, which, depending on its B and P content, will readily flow to seal trenches. As can he seen in fig. 6 , before the reflow of the BPSG the trenches are open and after the reflow treatment they are sealed. The trench widths used for the experiment were 6 pm, but with a little adjustment to the parameters smaller or larger trenches could easily be sealed. 
Reflow with Evaporated
Reflow with PECVD Ge
The RF power for the PECVD Ge was varied between 20 W and 50 W. The higher the power, the worse the step coverage. Different Ge thickness and annealing conditions were tried such that before annealing, the 2 pm wide trenches were almost closed by Ge and the 3 pm wide trenches were left open. Both trenches have to be closed after reflow. The film surface of Ge deposited at 20 W is much rougher (before and after annealing) than that deposited at 50 W. The most promising film is Ge deposited at 50 W and reflowed at 750°C for 1 hours ( fig.  8) . The debris, which can be seen inside some of the trenches, may be Ge that reflowed inside the trench before the trench was fully closed. Some Si02 can be seen on the bottom of the trenches hut this thin layer (ca. 100-2OOnm) is expected not to be harmful for the MEMS device.
Variation on the two-layers sealing process
The two-layer sealing process described above is intended to be used to seal etch holes of equal width. A variation on this technique is however a two-layer sealing process which uses an additional 'vent' hole. This vent hole is introduced away from sensitive device areas, and has a diameter larger than the trenches in the membrane (see for example fig. 9 ). The first layer from which not too much material is deposited into the sensitive device areas could then seal the trenches. The vent hole could then be sealed using a process, which could deposit material in the hole, but, as it is located away from the sensitive device areas, would not cause any harm to the device. This second layer could be a layer that is reflowed as mentioned above. But also a film that seals during the deposition process (e.g. an APCVD film if an atmospheric pressure inside the cavity is needed) might work for this concept because of the position of the vent hole.
